Introduction
Patients with breast or ovarian cancers harboring BRCA1/2 mutations have clinically benefitted from treatment with inhibitors of poly (ADP-ribose) polymerase (PARPi) or platinum compounds, but acquired resistance to these therapies can limit clinical benefit. A variety of genomic alterations can lead to loss of BRCA1/2 activity, including nonsense or frameshift alterations and large scale genomic deletions or rearrangements. Previous studies have identified secondary mutations in both BRCA1/2 that restore, at least partially, homologous repair capabilities and allow tumors to escape inhibition by PARPi or platinum-based therapies (Wang et al., 2016a; Wang et al., 2016b; Drost et al., 2016; Bouwman and Jonkers, 2014) . Detecting these reversion alterations in BRCA1/2 after disease progression following treatment with PARPi or platinum compounds can provide valuable information to be considered when modifying treatment plans. We report here the acquisition of a reversion mutation in BRCA1 following treatment of ovarian serous carcinoma with both platinum therapy and the PARPi olaparib. This mutation was detected from circulating tumor DNA using a blood-based next-generation sequencing assay that did not require a tissue biopsy for analysis.
Methods
Comprehensive genomic profiling (FoundationOne®, Foundation Medicine, Inc., Cambridge, MA) of a pre-treatment sample obtained during surgical resection was performed as described previously (Frampton et al., 2013) . The sequenced sample was from the omentum, and was one of several observed tumor sites including the falciform ligament, peritoneum, pelvic wall, bilateral ovary and fallopian tube surfaces, serosal aspect colon and rectum, small bowel and hemidiaphragm. In brief, DNA was extracted from 40 μm of formalin-fixed, paraffin-embedded sections, and CGP was performed on a hybrid capture-based library of 315 genes, plus 28 select introns frequently rearranged in cancer (Supplemental Fig. 1 ). Sequence data were analyzed for clinically relevant classes of genomic alterations, including base pair substitutions, insertions/deletions, copy number alterations, and rearrangements.
At time of progression following treatment with olaparib (400 mg BID), a circulating tumor DNA (ctDNA) genomic profiling assay (FoundationACT™, Foundation Medicine, Inc., Cambridge, MA) was performed to assess potential resistance mechanisms and inform future therapeutic strategy for the patient. The assay is validated in accordance with the Clinical Laboratory Improvement Amendment (CLIA) and was conducted as follows. Two 10 mL aliquots of peripheral whole blood were collected in cell-free DNA blood collection tubes. A doublespin protocol was used to isolate plasma, and 50 ng to 100 ng of ctDNA was extracted to create an adapted sequencing library before hybrid capture and sample-multiplexed sequencing on an Illumina HiSeq 2500 sequencer (Illumina, San Diego, CA). The assay evaluates 62 genes (Supplemental Fig. 1 ) to ×5000 unique coverage and can identify alterations at low allele frequencies (0.1% for substitutions, 1% for indels and rearrangements, and 20% for copy number amplifications). These 62 genes are a subset of those interrogated with the tissue-based assay. which a biopsy was performed. In the blood, MAF represents the percentage of ctDNA in the bloodstream that is harboring the mutation on a given day and time. For this reason, MAF for the tissue assay and ctDNA assays cannot be directly compared.
The listed price for each assay is $5800, although actual cost will vary depending on circumstances. Approval for this study, including a waiver of informed consent and a HIPAA waiver of authorization, was obtained from the Western Institutional Review Board (IRB# 20152817).
Results
The patient is a 58-year-old Caucasian female who was initially seen at our institution in December of 2012 after being diagnosed with peritoneal carcinomatosis based on computed tomography (CT) of her abdomen and pelvis ( Fig. 1) . A paracentesis was performed and the fluid sample was found to be positive for adenocarcinoma of uncertain origin. Given her uncertain primary disease site, she was initially managed by colorectal surgery and was taken to the operating room for a diagnostic laparoscopy with biopsy. This revealed a large volume of straw colored ascites, omental caking and large volume tumor implants along the anterior abdominal wall, both hemi-diaphragms, the sigmoid colon, and the peritoneal surfaces in the pelvis and upper abdomen. Pathology from her omentum and pleural effusions revealed high grade papillary serous carcinoma, likely of ovarian origin. Given her advanced stage disease, high tumor burden, and likely need for extensive resection to achieve an optimal tumor debulking status, she was initially treated with the neoadjuvant chemotherapy regimen of carboplatin AUC 6 plus paclitaxel 175 mg/m 2 every 21 days for 6 cycles, followed by interval cytoreduction and heated intraperitoneal chemotherapy (HIPEC) treatment with mitomycin C for 90 min. She completed this surgery in May of 2013. Both prior to and after her diagnosis of ovarian cancer, the patient did not have any other cancer diagnoses made. She was without evidence of disease until May of 2014 when she underwent a surveillance CT scan of her chest, abdomen and pelvis which revealed a recurrence. Given her platinum sensitivity, she was started on carboplatin AUC 6 plus paclitaxel 175 mg/m 2 every 21 days and completed 6 cycles in September of 2014. ) and the remainder of her germline results were negative. In January 2016, she had increased abdominal pain and CT revealed disease progression (Fig. 2) . Given her BRCA1 mutation, she started on olaparib 400 mg PO twice daily and completed approximately 6 months of therapy in June of 2016. While on olaparib the patient had a partial response to this therapy with reduction in size of her intraperitoneal tumor burden as evidenced on CT imaging done in May of 2016 (Fig. 2) . She also had a plateau in her CA125 during her final three months of olaparib treatment: April, May and June (Fig. 3) . Her olaparib was discontinued after 6 months of therapy due to intraperitoneal disease progression noted clinically by re-accumulation of ascites and CT imaging performed in June of 2016 showing progression. In May 2016, molecular genetic testing was completed on her omental tumor sample obtained in May of 2013 (FoundationOne). This testing revealed the previously identified germline BRCA1 mutation (p.Q1756fs*74, c.5266dupC) as well as an inactivating TP53 mutation (splice site 673-1G > A). This BRCA1 alteration would prematurely truncate the protein and disrupt the BRCT domains of BRCA1, if expressed. Alternatively, protein levels could be reduced through nonsense mediated decay. The BRCT domains of BRCA1 are responsible for interactions with a variety of additional proteins and protein complexes. In June of 2016, due to disease progression, she was started on cyclophosphamide 50 mg PO twice daily and bevacizumab 15 mg/kg once every 3 weeks. She remained on this therapy until the end of September. In late August of 2016, sequencing of the patient's ctDNA detected 3 mutations: the previously identified TP53 splice site alteration and BRCA1 p.Q1756fs*74, as well as BRCA1 p.Q1756_D1757 > PG (c.5263_5272 > TCCCCAGGAC). The effect of the second BRCA1 alteration, p.Q1756_D1757 > PG, appears to serve as a reversion alteration that restores the translational reading frame of the expressed BRCA1 protein (Fig. 4) . This alteration would occur within a loop region of the BRCT domain, just past an alpha helical domain (see A), and would maintain a similar distance between folded elements of the protein. Such a change in a loop region may be tolerated and the effect of this alteration could be to restore the capacity for DNA repair. The germline alteration, p.Q1756fs*74, was observed at nearly 50% allele frequency, as expected. The reversion alteration was observed at a minor allele frequency of 3.2%. The patient unfortunately continued to develop recurrent ascites and pleural effusions requiring peritoneal drain placement and bilateral chest tube catheters for symptomatic management. She elected to proceed with comfort measures in October of 2016 and expired in November of 2016.
Discussion
Previous studies have reported a variety of mechanisms by which BRCA1 activity can be restored, at least partially, through additional mutation or alternative splicing. This reversion can underlie resistance to therapies targeting cells deficient in DNA damage repair (Wang et al., 2016a; Wang et al., 2016b; Drost et al., 2016; Bouwman and Jonkers, 2014) . In this study, we report the detection of a BRCA1 reversion mutation in ctDNA, assayed with a liquid biopsy-based, next-generation sequencing assay. The alteration was acquired after several rounds of platinum therapy and treatment with the PARPi olaparib, although it is not possible in this case to determine exactly when during treatment the second BRCA1 alteration arose (Fig. 1) . The isolation of ctDNA from blood and comprehensive sequencing of BRCA1 provides a method for interrogating the mutational status of tumors that progress on therapy without the need for an invasive biopsy. In addition to detecting the small insertion and deletion present in this sample, a comprehensive P. Mayor et al. Gynecologic Oncology Reports 21 (2017) 57-60 sequencing assay can detect a variety of previously known and unknown genomic alterations, including missense mutations, larger deletions, or rearrangements that could impact response to treatment. The detection of BRCA reversion mutation in circulating tumor DNA has been reported (Christie et al., 2017) . In Christie et al., sequencing was performed with custom primers developed specifically for each patient sample based on the primary BRCA mutation. The methodology in this study does not require a priori knowledge of either the primary BRCA mutation or the expected reversion alteration and does not utilize custom primers. The unbiased, comprehensive detection of BRCA alterations through a universally applicable bait set, as described here, facilitates rapid, robust analysis in the clinical setting.
Treatment after detection of the second BRCA1 alteration in this sample was additional chemotherapy, followed by palliative care as the disease continued to progress. Novel strategies for treating tumors with acquired resistance to PARPi are in early stages of investigation, such as inhibition of CDK12 (Johnson et al., 2016) or combinations of therapies such as PARPi, vorinostat, and 6-thioguanine (Yalon et al., 2016) .
Supplementary data to this article can be found online at http://dx. doi.org/10.1016/j.gore.2017.06.010. A. The sequence of wild-type BRCA1 from c.5239 to c.5277, the end of exon 19 (NM_007294). B. The alteration c.5266dupC introduces a frameshift beginning at Q1756. This would prematurely truncate the protein and disrupt the BRCT domains of BRCA1. The BRCT domains of BRCA1 are responsible for interactions with a variety of additional proteins and protein complexes. C. The reversion alteration observed would alter the encoded protein sequence within the BRCT domains from 1755 Ser-Gln-Asp-Arg 1785 to 1755 Ser-Pro-Gly-Arg 1785. This alteration would occur within a loop region of the BRCT domain, just past an alpha helical domain (see A), and would maintain a similar distance between folded elements of the protein. Such a change in a loop region may be tolerated and the effect of this alteration could be to restore the capacity for DNA repair.
